Dynamic band structure tuning of graphene moir\'e superlattices with
  pressure by Yankowitz, Matthew et al.
Dynamic band structure tuning of graphene moire´ superlattices with pressure
Matthew Yankowitz1, Jeil Jung2, Evan Laksono3,4, Nicolas Leconte2, Bheema L. Chittari2,
K. Watanabe5, T. Taniguchi5, Shaffique Adam3,4,6, David Graf7, and Cory R. Dean1∗
1Department of Physics, Columbia University, New York, NY, USA
2Department of Physics, University of Seoul, Seoul 02504, Korea
3Centre for Advanced 2D Materials, National University of Singapore, Singapore 117546, Singapore
4Deparment of Physics, Faculty of Science, National University of Singapore, Singapore 117542, Singapore
5National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
6Yale-NUS College, Singapore 138527, Singapore and
7National High Magnetic Field Laboratory, Tallahassee, FL, USA
(Dated: September 20, 2017)
Heterostructures of atomically-thin materials have attracted significant interest owing to their ability to host
novel electronic properties fundamentally distinct from their constituent layers [1]. In the case of graphene
on boron nitride, the closely-matched lattices yield a moire´ superlattice that modifies the graphene electron
dispersion [2] and opens gaps both at the primary Dirac point (DP) and the moire´-induced secondary Dirac
point (SDP) in the valence band [3–5]. While significant effort has focused on controlling the superlattice
period via the rotational stacking order [4–9], the role played by the magnitude of the interlayer coupling has
received comparatively little attention. Here, we modify the interaction between graphene and boron nitride
by tuning their separation with hydrostatic pressure. We observe a dramatic enhancement of the DP gap with
increasing pressure, but little change in the SDP gap. Our surprising results identify the critical role played
by atomic-scale structural deformations of the graphene lattice and reveal new opportunities for band structure
engineering in van der Waals heterostructures.
Heterostructures fabricated from the mechanical as-
sembly of atomically-thin van der Waals (vdW) crys-
tals represent an exciting new paradigm in materials
design. Owing to weak interlayer bonding, 2D crys-
tals with wide ranging characteristics and composition
– such as graphene, boron nitride (BN), and the tran-
sition metal dichalcogenides – can be readily mixed
and matched, without the usual interfacial constraints
of conventional crystal growth [10]. Moreover, atomic-
scale crystalline alignment between the layers often
plays a critical role in the resulting device character-
istics leading to additional and controllable degrees of
freedom. For example, electronic coupling processes
that are sensitive to momentum mismatch, such as in-
terlayer tunneling [11] or exciton binding [12], can be
sensitively tuned by varying the rotational order. For
crystals with closely matched lattice constants, moire´
interference at zero-angle alignment can additionally
result in long-range superlattice potentials, which in
turn can lead to entirely new electronic device char-
acteristics [2–6, 9, 13–15].
BN-encapsulated graphene provides a model exam-
ple of the variety of electronic properties that can be re-
alized on-demand in a single type of vdW heterostruc-
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ture. At large relative twist angles, BN acts as a feature-
less dielectric for graphene, minimizing coupling to
extrinsic disorder but otherwise remaining effectively
inert [16]. However, at small twist angle, coupling
to the resulting moire´ superlattice (MSL) profoundly
alters the graphene bandstructure, giving rise to sec-
ondary Dirac cones at finite energy [2, 17] while also
modifying the Fermi velocity near the Dirac point [17].
As a consequence several unusual electronic proper-
ties have been observed, such as density-dependent
topological valley currents at zero magnetic field [14]
and the fractal Hofstadter butterfly spectrum at high
field [3, 6, 13] – recently identified to host integer and
fractional Chern insulating states [15] and charge den-
sity waves [5, 18]. Additionally, the MSL opens band
gaps at both the primary and secondary graphene Dirac
points, which are of particular interest for graphene-
based digital logic applications.
Numerous techniques have been developed to con-
trol the rotational alignment in graphene/BN and re-
lated vdW heterostructures [5–9, 19, 20]. Equally im-
portant is the spacing between the layers, which dic-
tates the magnitude of interlayer interactions. How-
ever, little experimental work has been done to charac-
terize or control this parameter, which is often not well-
known and considered invariable. Here we demon-
strate that by applying hydrostatic pressure to BN-
encapsulated graphene, we are able to decrease the in-
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Figure 1 — Experiment schematic and transport characterization under pressure. a, (top) The sample sits
inside a Teflon cup filled with oil, and wiring to the sample leaves the cell through an epoxy junction in the stage.
The cup sits in the hollowed center of a metal pressure cell cylinder. A piston compresses the Teflon cup, loading
the sample environment to the desired hydrostatic pressure. (bottom) Schematic of the sample of graphene
encapsulated between two flakes of BN with a graphite gate (the number of atomic layers is reduced for clarity).
Each layer sits a characteristic distance z from its neighbor. The distance between the top graphite layer and the
graphene t sets the dielectric thickness. On the right, the same structure is shown under pressure, with each layer
compressed towards its neighbor, decreasing both z and t (the magnitude of compression is exaggerated for
clarity). The hue of the red coloring between the graphene and neighboring BN layers schematically represents
the relative strength of the interlayer interaction. b, Resistivity of a misaligned device (Device P2) at B = 0 T and
T = 2 K in vacuum and at high pressure (1 GPa) in oil, exhibiting little pressure dependence. (inset) The contact
resistance (taken as the difference between the 2-terminal and 4-terminal resistances) also exhibits virtually no
dependence on pressure. c, Resistivity of an aligned device (Device P1) at B = 0 T and T = 2 K. The SDPs appear
at different gate voltages as a function of pressure, however they are perfectly aligned when plotted against n
(inset), indicating the moire´ period does not change. The DP becomes significantly more insulating with pressure.
Cartoon insets in (b) and (c) show a schematic of the moire´ arising from the relative alignment of the graphene
and BN.
terlayer spacing by more than 5%. At small rotation an-
gles the resulting increase in the effective MSL poten-
tial substantially modifies the electronic device charac-
teristics. Most dramatically, we observe a divergence
in the moire´-induced band gap at the DP with increas-
ing pressure and near doubling over the pressure ranges
studied, yielding the largest gap so far demonstrated in
pristine monolayer graphene. By contrast, the SDP gap
shows little change with pressure. This unexpected re-
sult provides new insight into the precise influence of
the MSL on the graphene layer and suggests that in ad-
dition to electrostatic coupling, lattice-scale deforma-
tions play an important role. Our findings reveal that
interlayer spacing in vdW heterostructures is both an
important and tunable degree of freedom that provides
a new route to bandstructure engineering.
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Figure 2 — Modification of gate capacitance under pressure. a, Longitudinal resistance of Device P2 at B = 4
T and T = 2 K. The dotted green dotted lines track the same quantum Hall feature with pressure. Curves are
vertically offset proportional to the pressure applied. b, Rxy as a function of pressure in the same device at Vg = +5
V. c, Gate capacitance Cg as a function of pressure, normalized to its value at 0 GPa for each device. Colors
represent measurements on different devices, both aligned and misaligned. The square markers calculate Cg using
n extracted from the low-field Rxy. The triangle markers use n extracted from the high-field dispersion of ν = 14.
(top inset) Change in BN interlayer spacing per layer as a function of pressure predicted by LDA ab initio
modeling (green curve). This nearly exactly matches previous measurements by X-ray diffraction in Ref. [21]
(reproduced in the red curve), assuming an equilibrium z = 3.3 A˚. (bottom inset) The remaining increase in Cg
with pressure is attributed to an enhancement of the BN dielectric constant ε , assuming ε = 3 at 0 GPa as taken
from experiment (blue curve). The green curve shows the LDA ab initio modeling of bulk BN.
Fig. 1a shows a cartoon schematic of our experi-
mental setup. We fabricate BN-encapsulated graphene
devices using the vdW assembly technique [10] and
mount them into a piston-cylinder pressure cell with
electrical feedthroughs, capable of reaching tempera-
tures below 1 K and magnetic fields above 18 T (see
Methods and Supplementary Information 1 for details).
The pressure cell sample space is filled with an oil so-
lution which results in a uniform transfer of pressure to
the sample. However, since the Young’s modulus in the
the out-of-plane stacking direction (c-axis) of the vdW
crystal is typically a few orders of magnitude smaller
than in-plane [22], the pressure primarily results in a
c-axis compression. We first examine the effect of ap-
plying pressure on a misaligned heterostructure where
no MSL effects are present, and find that the oil en-
vironment and application of pressure have virtually
no effect on the electronic properties of the graphene.
Fig. 1b shows low temperature transport acquired from
a misaligned device (> 2◦ relative alignment) at zero
magnetic field in both vacuum (with no oil) and un-
der high pressure (1 GPa). The high-density resistance
grows by small amount (less than 25 Ω) with pressure
in this device. Other similar devices showed no mea-
surable change or even slightly decreasing resistance
under pressure, indicating the field effect mobility of
the encapsulated device is largely insensitive to the ap-
plication of pressure (see Supplementary Information
2). The DP resistance is also not strongly modified,
and there is no significant pressure dependence on the
contact resistance (Fig. 1b inset).
Fig. 1c shows similar transport measurements but
acquired from an aligned MSL device. Under ambient
pressure the device shows excellent transport charac-
teristics with moire´ coupling evident by the appearance
of two resistance peaks symmetrically located about
the DP at roughly ±3.3×1012 cm−2, corresponding to
a relative rotation angle of ∼ 0.6◦. Moreover, the large
resistivities exceeding 25 kΩ at the DP and SDP sug-
gest sizable band gaps at those points in the band struc-
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Figure 3 — Band gaps as a function of pressure. a, Arrhenius plot of the conductivity of the DP as a function
of inverse temperature for Device P1 at various pressures. The slope of the linear fits (red dotted lines) give the
band gap ∆ at each pressure via σDP(T ) ∝ e−
∆
2kT . (insets) Sketch of the aligned graphene on BN band structure,
indicating ∆p and ∆s and illustrating their dependence on pressure. Our model predicts SDPs at only one of the
two valleys of the superlattice Brillouin zone. b, ∆ as a function of pressure. ∆p grows with pressure, while ∆s is
relatively insensitive to pressure. Error bars in the gaps represent the uncertainty in determining the linear regime
for the fit. The uncertainty determining the pressure is smaller than the marker size. The dashed curves show the
gaps predicted by the theoretical model using appropriately tuned deformations.
ture. Notably, as we apply high pressure up to 2.3 GPa,
we find that the positions of the secondary peaks move
symmetrically towards the DP.
To understand this effect, we track the back gate ca-
pacitance per unit area Cg = enVg =
εε0
t , where e is the
charge of the electron, ε is dielectric constant of BN, ε0
is the vacuum permittivity, t is the thickness of the BN,
Vg is the applied gate bias, and n is the carrier density.
We measure the density in two ways; both from the
Hall effect and magnetoresistance oscillations (Figs. 2a
and b, see Methods). Notably, all devices exhibit a uni-
versal increase of Cg with pressure of roughly 9% per
GPa independent of their relative alignment (Fig. 2c),
which must arise due to a decrease in t and/or an in-
crease in ε . To deconvolve the two, we have performed
LDA ab initio simulations of bulk BN multilayers un-
der pressure and find approximately 2.5% compression
per GPa (green curve in the top inset of Fig. 2c), in re-
markable quantitative agreement with previous X-ray
diffraction measurements from Ref. [21] (reproduced
in the red curve). The remaining increase in gate ca-
pacitance is therefore attributed to an increase in the
dielectric constant of the BN of roughly 6% per GPa
(blue curve in the bottom inset of Fig. 2c). Our ab initio
simulations also confirm that the BN dielectric constant
should grow with pressure, though the effect is pre-
dicted to be a few times smaller (green curve). Taken
together, this suggests that pressure is able to sensi-
tively tune both the interlayer spacing between layered
2D materials and their dielectric properties [23]. Re-
turning to the transport measurements of the MSL de-
vice, we find that the three resistance peaks align ex-
actly at all pressures when replotted against charge car-
rier density n (Fig. 1c inset), suggesting that while the
graphene and BN layers move closer together, the rel-
ative rotation angle and moire´ period remains fixed un-
der pressure.
A second notable feature of the MSL transport is that
the resistance at the DP grows strongly with pressure,
increasing by roughly 100 kΩ between 0 GPa and 2.3
GPa. We investigate the DP response in more detail by
measuring its temperature dependence. Fig. 3a shows
an Arrhenius plot of the DP conductivity, σDP, ver-
sus inverse temperature for various pressures, where
for each pressure a linear fit to the simply activated
regime (red dashed lines) gives a measure of the ac-
tivation gap (see Methods). The resulting DP gap, ∆p,
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Figure 4 — Modeling of the band gaps. a, Relative
contributions to ∆p and ∆s from lattice corrugations
and strains. Strain is necessary to open a sizable ∆p,
while deformations can substantially reduce ∆s.
Schematics of the graphene lattice structure for each
case are illustrated below. b, Maps of the out-of-plane
corrugations (left) and in-plane lattice strains (top) at 0
GPa used to model the gaps in Fig. 3b. c, Models for
lattice corrugations cut through the high symmetry
points of the moire´ as a function of pressure based on
ab initio calculation inputs in BN-encapsulated
graphene with one aligned interface. The color scale
represents the magnitude of in-plane lattice strains
needed to model the gaps in Fig. 3b.
is shown versus pressure in Fig. 3b (square markers).
The gap is found to diverge with increasing pressure,
and is enhanced by nearly a factor of 2 at the high-
est pressure studied for the ∼ 0.6◦ device presented
here. Similar gap enhancement was observed in other
nearly-aligned samples as well, and we find that the or-
der and direction of pressure cycling do not influence
the measurement (see Supplementary Figure 3a). We
similarly measure the pressure dependence of the va-
lence band SDP gap, ∆s, plotted with circle markers in
Fig. 3b. In significant contrast to the DP gap, the SDP
gap is nearly unresponsive to pressure. The insets of
Fig. 3a schematically illustrate the inferred band struc-
ture modifications with interlayer spacing, showing a
growing ∆p but a fixed ∆s.
As a simple approximation, we may consider the in-
creasing DP gap with pressure to result from increas-
ing MSL coupling owing to the decreasing interlayer
spacing. In this case, we expect that the SDP behavior
might respond in a similar way, and from this perspec-
tive its insensitivity to pressure is surprising. We note,
however, that despite considerable effort [3–5, 9, 24–
32] consensus is still lacking as to the exact origin of
these band gaps. Lattice scale deformations (in-plane
strains and out-of-plane corrugations) of the graphene
layer are expected to play an important role [4, 29–
33], but the exact equilibrium structure of graphene
in contact with BN remains poorly understood, includ-
ing whether these deformations even exist in fully BN-
encapsulated devices [4]. In an effort to understand our
observed behavior, we therefore first consider a rigid
graphene lattice and examine the effects of pressure
on the heterostructure using a combination of ab ini-
tio and analytical models (see Supplementary Informa-
tion 4 - 6). The interlayer electronic coupling between
the graphene and BN, V0 = V˜ e−β (z0−zr), is highly sen-
sitive to pressure, with ab initio predictions indicating
that the average interlayer spacing z0 should decrease
by ∼0.07 A˚/GPa. Here V˜ ≈ 18 meV is the interlayer
electronic coupling, zr ≈ 3.35 A˚ is the equilibrium av-
erage interlayer spacing between the graphene and BN,
and β ≈ 3.2 A˚−1 quantifies the rate of increase of in-
terlayer coupling when the spacing is reduced. Generi-
cally, both ∆p and ∆s should scale proportionally to V0
under applied pressure, however this is in stark contrast
to our experimental observations where ∆s in particu-
lar exhibits little pressure dependence. Even at 0 GPa,
a rigid model does not properly capture the experimen-
tally observed hierarchy of the gaps, predicting a large
∆s and a ∆p ≈ 0 (Fig. 4a).
Next we consider the potential role of atomic-scale
graphene deformations. By considering realistic val-
ues of the graphene elastic deformation potential, our
atomic structure models suggest that it is favorable for
6the graphene lattice to both corrugate out-of-plane and
strain in-plane on the moire´ scale to minimize the over-
all stacking potential with the BN substrate (Fig. 4b).
These deformations break the sublattice symmetry of
the graphene, resulting in a finite average mass term in
the Hamiltonian which opens a sizable ∆p. There are
also moire´-induced electrostatic potentials and pseudo-
magnetic fields which contribute to ∆s in addition to the
mass term. Including corrugations alone opens a small
∆p at 0 GPa, but still does not recover the observed
gap hierarchy of ∆p > ∆s (Fig. 4a). By additionally in-
cluding strains, we are able to recover the observed 0
GPa gap hierarchy (Fig. 4a) as well as the diverging ∆p
and flat ∆s response with pressure. One such example,
whose corrugations and strains are obtained for BN-
encapsulated graphene by a model partly informed by
ab initio calculation inputs (see Supplementary Infor-
mation 4 - 6), is shown in Fig. 4c, and predicts gaps in
remarkably good quantitative agreement with our ex-
perimental data (dashed curves in Fig. 3b).
While more experimental and theoretical work is
necessary to understand the exact equilibrium structure
of aligned graphene on BN, the varying evolution of the
gaps with pressure directly rule out the possibility of a
rigid graphene lattice in these structures, and moreover
demonstrates that these gaps are of fundamentally dif-
ferent origin as the SDP cone is not a true replica of the
DP cone. This suggests the possibility to independently
control the magnitude of the two gaps, as well as other
features of the moire´ band structure and magnetore-
sponse, by selectively engineering specific lattice de-
formations. Additionally, sufficiently strong enhance-
ment of the interlayer coupling could drive a phase-
transition to the fully commensurate (lattice-matched)
stacking configuration [33], marked by the absence of a
MSL but the emergence of strong sublattice-symmetry
breaking in the graphene and a gap many times room
temperature at the Dirac point [26]. More generally,
our results indicate that a wide variety of vdW het-
erostructure properties may be tunable by controlling
the interlayer coupling strength with pressure. For
example, the band structures of Bernal-stacked and
twisted bilayer graphene depend critically on interlayer
hopping terms [34], as do the strength of proximity-
induced spin-orbit interactions in graphene resting on
heavy transition metal dichalcogenides [35].
METHODS
Application of pressure
In order to control the interlayer spacing in vdW het-
erostructures, we fabricate graphene devices encapsu-
lated in BN with a graphite bottom gate on Si/SiO2
wafers (Fig. 1a) and make one-dimensional electrical
contact using standard reactive ion etching and elec-
tron beam patterning and deposition techniques [10].
Alignment to one of the encapsulating BN layers is
achieved through either optical matching of crystalline
edges [6] or through thermal self-rotation [5, 8]. We
then mount the device on a stage with a pre-wired feed-
through and affix wires onto the electrodes by hand us-
ing silver paint. The stage is then enclosed by a Teflon
cup filled with a hydrostatic pressure medium (Daphne
7373 or 7474 oil) [36, 37], and the cup is fit into the in-
ner bore of a piston-cylinder pressure cell and loaded to
the desired pressure using a hydraulic press (Fig. 1a).
Finally, the pressure cell is affixed to a probe for electri-
cal characterization at low temperature and high mag-
netic field (see Supplementary Information 1 for fur-
ther details of the experimental setup). The pressure
was determined by measuring the photoluminescence
of a ruby crystal at both room- and low-temperature.
Extraction of capacitance and band gaps
We extract n(Vg) for each pressure through either
the dispersion of the quantum Hall states in high mag-
netic field as n = νeBh , where ν is the filling factor
(Fig. 2a), or from the low field Hall resistance Rxy be-
fore the onset of strong Shubnikov-de Haas oscillations
as n = 1eRxy (Fig. 2b). Quantum Hall states move sym-
metrically closer to the DP with increasing pressure,
and the slope of the Hall resistance decreases with pres-
sure, both implying a growing n(Vg) with increasing
pressure. In Fig. 2c, Cg is normalized to its measured
value at 0 GPa to account for the different thicknesses
of the bottom BNs across the different devices. Addi-
tionally, the ab initio value of ε at 0 GPa is normalized
to match the average experimental value of ≈ 3.
We extract the band gaps ∆ of the DP and SDP at
each pressure according to the thermally activated re-
sponse where σDP(T ) ∝ e−
∆
2kT , where k is the Boltz-
mann constant.
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9SUPPLEMENTARY INFORMATION
S1. Details of pressure experiments
All devices in this study consist of monolayer
graphene encapsulated between two layers of boron ni-
tride. The BNs were generally between 20 - 60 nm
thick, though our results did not depend on this in any
noticeable way. The encapsulated stack sits on a flake
of graphite which acts as a local back gate. Fig. S1a
shows an image of a completed stack on a transfer
slide. For aligned samples, the graphene (outlined with
a dotted white line) was either intentionally aligned to
one of the BNs using straight edges, or rotated to an
aligned position with thermal heating during the trans-
fer process. The final stack was partially etched into
a Hall bar geometry, leaving some of the bottom BN
unetched to prevent the metal contacts from shorting
to the graphite gate (Fig. S1b). The Hall bar was in-
tentionally kept small (≈ 6 µm by 2 µm) to keep the
pressure as uniform as possible across the entire de-
vice. The entire device sits on a Si/SiO2 wafer, which
must be diced to approximately 2 mm by 2 mm to fit
into the inner bore of the pressure cell (Fig. S1c).
To prepare the pressure cell, a clean metal stage
(Fig. S1d) is threaded with insulated copper 75 µm
wires with tinned ends, which are epoxied in place us-
ing Stycast 2850 FT using 24LV catalyst (Fig. S1e). A
ruby crystal is glued to the tip of a thin optical fiber
that is fixed in place by the wires for in situ pressure
calibration. The sample is then glued above the fiber
(Fig. S1f). Flexible 15 µm Pt wires are soldered to the
copper wires and affixed by hand to the gold sample
contacts using Dupong 4929N silver paste (Fig. S1g).
Next, a Teflon cup is filled with the pressure medium
(Daphne 7373 or 7474 oil) and carefully fitted over the
sample and onto the stage (Fig. S1h). The sample is
now completely encapsulated in oil. For the special
case of vacuum measurements (0 GPa), no oil is loaded
into the Teflon cup. The stage/teflon cup is then fitted
into the inner bore of a piston cylinder cell (Fig. S1i),
and a hydraulic press is used to compress the top of
the Teflon cup (Fig. S1j). The oil medium hydrostati-
cally increases in pressure as the cup is compressed. A
top locking nut is tightened as more force is applied on
the hydraulic press until the desired load is reached, at
which point the hydraulic press is backed off, and the
threads of the locking nut hold the pressure in the cell.
The cell is then affixed to the end of a probe (Fig. S1k)
for low-temperature, high-field measurements. Chang-
ing the pressure requires warming the cell to room tem-
perature, adding or removing load with the hydraulic
press, and re-cooling the cell.
Although the oil does not influence the electronic
properties of the device, special care must be taken to
account for its presence during measurements. The oil
freezes at around 200 K as it is cooled at ambient pres-
sure, and the freezing point moves to higher tempera-
tures at higher starting loads. The pressure in the cell
also drops as the oil cools inside the cell, with a larger
relative drop in pressure at smaller initial loads. For
example, a starting load below∼ 0.3 GPa at room tem-
perature will result in nearly ambient conditions at low
temperature, while at pressures above 2 GPa there is
virtually no change between the room temperature and
low temperature pressures. We have found that the pri-
mary consequence of this effect is that starting at room
temperature loads of roughly 0.5 GPa or less is danger-
ous for the device, as the stack is typically torn when
the oil freezes below these pressures. However, above
these pressures the devices always survive the cooling,
and we have not noticed any effect of the oil freezing in
transport measurements. Finally, special care is taken
to account for the large thermal load of the pressure
cell when performing temperature sweeps to measure
band gaps. The temperature is swept slowly to keep
the sample as close to equilibrium as possible, ideally
at 0.5 K/min, and no faster than 1.5 K/min.
S2. Pressure dependent transport in other devices
The behavior of high density resistance of devices
under pressure varies slightly across devices. For De-
vice P2 shown in Fig. 1b of the main text, an increase
of 15-25 Ohms is observed at high density under pres-
sure. However, this is not always the case, as is shown
for Device P3 in Fig. S2. This device exhibits virtually
no pressure dependent hole-side resistance, and shows
a decrease in the electron-side resistance at high pres-
sure.
We have measured a total of four gapped devices as
a function of pressure. Fig. S3a plots the gap of the
primary DP, where the data from Device P1 is copied
from the main text. Error bars are left off for clar-
ity, but are similar in magnitude to those in Fig. 3b
of the main text. Devices P3 and P4 are slightly mis-
aligned, such that the SDPs are outside the accessible
density range in the device - therefore the rotation an-
gle is unknown, but must be larger than ∼ 2◦. Previ-
ous work has demonstrated that devices with misalign-
ment angles as large as ∼ 5◦ can exhibit band gaps
in transport [3]. In that study, the misalignment an-
10
Figure S1 Pictures of the setup for pressure experiments (see text for details).
gle was determined by scanning tunneling topography
measurements, however this is not possible in our de-
vices due to the encapsulating top BN layer. Never-
theless, these devices show clear activation gaps, with
insulating behavior at low temperatures and a decrease
of the device conductivity by nearly an order of magni-
tude in the thermally activated regime at high temper-
atures (Fig. S4a - c). The magnitude of the gap grows
with pressure in all three samples.
The fourth gapped device (P5) was very well
aligned, with an estimated misalignment angle of
∼0.1◦. However, the device was significantly more dis-
ordered than all the other devices in this study, and as
a result the onset of the variable range hopping regime
occurred at significantly higher temperature. Conse-
quentially, the simply-activated regime spanned only a
small range of temperature, and therefore the gap ex-
traction is significantly more uncertain than the other
gapped devices examined. Nevertheless, the primary
DP showed an unambiguous enhancement with pres-
sure, while the SDP appeared relatively insensitive to
pressure (Fig. S3b). This behavior is completely con-
sistent with the clean aligned device (P1) presented in
the main text, providing further evidence of the funda-
mental difference between the primary and secondary
DPs. Fig. S5 additionally shows the gap extraction for
the SDP of the aligned device P1 in the main text Fig.
3b, demonstrating that this gap does not change with
11
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Figure S2 Resistance of Device P3 at B = 0 T and T = 2 K. Virtually no change in the device resistance is
observed on the hole side of the device, and pressure serves to improve the resistance on the electron side.
pressure.
The enhancement of the band gap does not depend
on the history of the pressure the device has been ex-
posed to, rather it responds directly to the pressure the
device is under at the time of measurement. To illus-
trate this, Fig. S3a annotates the order in which the gaps
were acquired. In no case does the measured gap fall
out of the anticipated sequence. This is an especially
robust effect, as it does not depend on whether the de-
vice becomes more or less insulating with pressure.
Fig. S4 tracks the CNP conductivity across a number
of devices down to the lowest temperatures measured
(∼ 2 K). Typically the devices become more insulat-
ing at low temperatures for higher pressures, however
this is not always the case. For Devices P1 and P3, the
low temperature conductivity becomes out of sequence
upon unloading pressure, or in reloading pressure af-
ter previously pressure cycling and returning to 0 GPa
(see the annotations in Fig. S3a for the order of curve
acquisition). However, even in Device P4, where the
pressure was loaded up uniformly, the low temperature
conductivity still depends non-monotonically on pres-
sure. This suggests that small changes in the amount
of disorder in the device and potentially even the de-
tails of its microscopic organization can ultimately in-
fluence how insulating the device becomes. However,
no matter how the DP conductivity behaves at low tem-
perature, the band gap is always enhanced by pres-
sure, suggesting that the gap enhancement is a robust
property of the heterostructure and depends most criti-
cally on the interlayer interaction strength between the
graphene and the BN rather than small changes in de-
vice disorder.
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Figure S3 Band gaps as a function of pressure in other devices. (a) The numbered labels represent the order in
which the gaps were acquired. The gap magnitude depends only only the pressure the device is under at the time
of measurement, and not the history of the pressure that has been previously applied. (b) Gap dependence of a
fourth gapped device (P5), which was nearly perfectly aligned. This device also exhibits a growing primary DP
gap and constant SDP gap.
S3. Effects of pressure in the quantum Hall regime
The disorder in these devices can also be character-
ized by considering the amount of density n necessary
to switch the Hall resistance Rxy from positive to neg-
ative (Fig. S6a), as this gives a measure of the effec-
tive magnitude of the electron-hole puddles in the bulk.
Fig. S6b shows that the device disorder is not strongly
dependent on pressure, growing by less than the ex-
traction uncertainty over the applied pressure range.
Curiously, pressure serves to qualitatively improve the
quantum Hall response at high magnetic field. Fig. S6c
shows one such example, where both integer and frac-
tional quantum Hall states develop more clearly under
pressure. This effect is observed in every device exam-
ined. It is even more surprising that this improvement
persists even after the pressure is released (Fig. S6d), as
this suggests the need for an explanation describing an
irreversible effect. At present, we may only speculate
as to the nature of this effect.
First, it is important to note that despite the high
electronic quality of the devices, only the main se-
quence of IQH gaps at ν = -2, -6, -10, etc., are typi-
cally clearly developed in initial measurements in vac-
uum, with the symmetry broken gaps still developing
(Fig. S6d). This is not an intrinsic property of the
graphene – rather it is symptomatic of the metal con-
tacts sitting above the graphite gate in the device ge-
ometry employed here (Fig. S1b). While the reason
for this is currently not well understood, the situation
may be analogous to previous observations in GaAs,
where a partial reduction of the carrier concentration
in the graphene just in front of the contacts can lead
to a depletion region along the boundary, which may
impede the ability to observe well-developed quantum
Hall plateaus [38]. This problem has been addressed
previously by leaving Si-gated regions of the graphene
Hall bar leads to act as contacts, where the density at
the boundary can vary more smoothly [39]. However,
the devices in this study were intentionally kept small
to ensure the pressure is as uniform as possible across
the device, and so this geometry was not utilized.
Applying pressure may, for instance, provide a way
to reduce this depletion region at the contacts, permit-
ting better coupling to the QH edge modes. This could
arise due to self-cleaning of contaminants along the
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Figure S4 Conductivity of the DP over the full temperature range. Devices are (a) P1 and (inset) the SDP (b) P3,
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Figure S5 Arrhenius plots for the SDP in Device P1. The gap has virtually no dependence on pressure.
contact boundaries, or if the metal making edge con-
tact to the graphene forms a better bond to the graphene
edge and lowers the work function mismatch at the
boundary. Both of these effects could in principle per-
sist even after the pressure is released. We find that the
contact resistance is not significantly modified by pres-
sure at B = 0 T (Fig. 1b of the main text), pointing to
an improvement arising from the detailed electrostatics
at the contact barrier in high magnetic field, or to a re-
duction of non-local contamination which may be most
relevant in the QH regime. Further study is necessary
to understand the exact nature of this effect.
Finally, we examine the effects of pressure on the
Hofstadter butterfly spectrum of the aligned Device
P1. Fig. S7 shows the high field response at ambi-
ent conditions (panel a) and at 2.3 GPa (panel b). As
pressure enhances the effective strength of the moire´
potential, it should also influence the relative size of
the LL gaps originating from the secondary DPs. The
qualitative behavior of the two butterfly maps seems to
be in qualitative agreement with this expectation, with
stronger features originating from the secondary DPs
under pressure. However, this must be deconvolved
with the overall change in the QHE behavior with pres-
sure, and a full investigation of this effect is outside the
scope of this work.
S4. First principle calculations and parametrizations
The atomic and electronic structures of graphene
and hexagonal boron nitride (G/BN) interfaces are cap-
tured using input from ab-initio density functional the-
ory (DFT) calculations. We rely on exact exchange
and random phase approximation (EXX+RPA) input
for atomic structure, while our treatment of the elec-
tronic structure is based on local-density approxima-
tion (LDA).
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Figure S6 Disorder and the quantum Hall effect. (a) Device disorder δn is measured as the n necessary to dope
between the maximum and minimum Rxy, averaged over B = 0.25 T to 0.75 T. (b) Density fluctuations as a
function of pressure across different devices. The error bars denote the uncertainty in picking the peak positions
of Rxy. (c) ρxx (solid lines, left axis) and σxy (dotted lines, right axis) of Device P1 at B = 12.5 T. Symmetry
broken integer QH states become much more clearly developed with pressure, and fractional QH states begin to
emerge as well. Both are offset for clarity. (d) ρxx of Device P2 at B = 9 T, similarly showing an improvement in
the QH response. Surprisingly, the improvement persists even after the pressure is released back to vacuum and
the device is cleaned in solvents (green curve). Curves are vertically offset for clarity.
Calculation of the dielectric constant from DFT
One of the striking features of the experiment is
an increase of the dielectric constant as a function
of pressure. Our DFT calculations for bulk confirm
this behavior showing increases on the order of 3%
for the applied pressures up to 2.5 GPa as shown in
Fig. S8. When the pressure is modified from P = 0
to P = 2.5 GPa, the EXX+RPA equilibrium interlayer
distance is squeezed by ∼ 0.2 A˚ as we will discuss in
the following subsection.
First principles calculations based on density func-
tional theory (DFT) were performed using Quantum
Espresso [40] under LDA within the plane wave ba-
sis set. Norm-conserving Vanderbilt pseudopotentials
were used. The structures are fully optimized without
any symmetry constraint by using conjugate gradient
method. The convergence criterion for the force on
each ion is taken to be less than 0.005 eV/A˚ while the
energy is converged with a tolerance of 10−5 eV.
In an insulating BN, the optical properties are domi-
nated with the direct inter band contributions to the ab-
sorptive or imaginary part of dielectric function [41].
The matrix elements for a given interband transition
β → α for a set of plane wave Bloch function:
16
16
14
12
10
8
6
4
2
0
B 
(T
)
-10 -5 0 5 10
Gate Voltage (V)
16
14
12
10
8
6
4
2
0
B 
(T
)
-10 -5 0 5 10
Gate Voltage (V)
5
4
3
2
1
0
R
xx
 (kΩ)
a b
Figure S7 Hofstadter butterfly as a function of pressure at (a) 0 GPa and (b) 2.3 GPa.
Figure S8 Real part of the dielectric function as a function of energy ω obtained for different interlayer spacing
in bulk AA′ stacked hexagonal boron nitride. The AA′ stacking have alternating B and N atoms in adjacent
vertical layers.
∣∣ψk,n〉= eiG·ruk,n = 1√
V ∑G
an,k,Gei(k+G)·r (S1)
is given by:
Mˆα,β =
(
∑
G
a∗n,k,Gan′,k,GGα
)(
∑
G
a∗n,k,Gan′,k,GGβ
)
(S2)
These matrix elements account only for the inter-
band transitions, i.e the electric-dipole approximation
where the momentum transfer is zero. The imaginary
part of the dielectric tensor ε2α,β is a response function
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that comes from a perturbation theory within adiabatic
approximation. All of the possible transitions from the
occupied to the unoccupied states without local field
effects are given by the imaginary dielectric function:
ε2α,β =
4pie2
ΩNkm2 ∑n,n′∑k
Mˆα,β
(Ek,n′ −Ek,n)2
{
f (Ek,n)
Ek,n′ −Ek,n+ h¯ω+ ih¯Γ
+
f (Ek,n)
Ek,n′ −Ek,n− h¯ω− ih¯Γ
}
, (S3)
where Γ is the adiabatic parameter which must be zero due to conservation of energy. So, the equation can be
rewritten in terms of Dirac delta functions:
ε2α,β =
4pie2
ΩNkm2 ∑n,n′∑k
Mˆα,β f (Ek,n)
(Ek,n′ −Ek,n)2
[
δ (Ek,n′ −Ek,n+ h¯ω)+δ (Ek,n′ −Ek,n− h¯ω)
]
, (S4)
However, interaction with the electromagnetic field
which also take place even in the absence of photons,
i.e spontaneous emission, brings intrinsic broadening
to all excited states that leads to a finite life time (Γ >
0). In the limit of non-vanishing Γ, the dielectric tensor
takes the Drude-Lorentz form [41]:
ε2α,β =
4pie2
ΩNkm2 ∑n,k
d f (Ek,n)
dEk,n
ηωMˆα,β
ω4−η2ω2 +
8pie2
ΩNkm2 ∑n6=n′∑k
Mˆα,β
Ek,n′ −Ek,n
Γω f (Ek,n)
[(ωk,n′ −ωk,n)2−ω2]2+Γ2ω2
, (S5)
and the real part of the dielectric function is derived from the Kramers-Kronig transformation:
ε1α,β = 1+
2
pi
∞∫
0
ω ′ε2α,β (ω ′)
ω ′2−ω2 dω
′. (S6)
Calculations of the dielectric function were carried out
using the EPSILON package distributed with Quantum
Espresso [40].
DFT deformation with pressure
The mechanical behavior of nearly aligned graphene
and boron nitride heterostructure (G/BN) is influenced
by the encapsulating top BN layer. The interlayer in-
teraction of nearly aligned G/BN is described using the
assumption that they can be viewed as a collection of
different stacking registries to be treated independently,
from which the atomic structure of the whole sample
can be obtained. We obtain the equilibrium spacing
for each stacking point zs (s ∈ {AA,AB,BA}, see Fig.
S9) by minimizing the total potential energy as a func-
tion of the separation distance between the top and bot-
tom BN layer d. We also assume that the elastic resis-
tance of the graphene sheet is negligible in the out-of-
plane direction. The interlayer potential energy of the
graphene sheet considering the effects of bottom and
18
Figure S9 Left panel: Corrugation profiles as a function of pressure neglecting in-plane strains where the
interaction with both the substrate and the top layers are accounted for. Right panel: The equilibrium interlayer
distances are plotted against pressure for different stacking configurations in G/BN and for the most stable
configuration in bulk hexagonal boron nitride (AA′).
top BN layers is given by:
V (zAA,zAB,zBA,d) =
1
3∑s
[Vs(zs)+V¯ (d− zs)] (S7)
where V¯ (d− z) = 13 ∑s Vs(d− z) accounts for the av-
eraging of the interlayer potential between the top BN
and the graphene sheet due to their misalignment. We
use for the interlayer interaction potentials the exact ex-
change and random phase approximation (EXX+RPA)
for G/BN and BN/BN interactions as implemented in
VASP. [42] In equilibrium, the local pressure exerted
by the encapsulating layer is equally balanced by that
coming from the underlying substrate, i.e. Ps(zs) =
P¯(d − zs). Defining the interlayer distance between
graphene and the top layer z′s = d−zs, we can write the
equilibrium condition as 13 ∑s Ps(zs) =
1
3 ∑s P¯(z
′
s) = P,
where P is the external pressure applied on the sys-
tem. Fig. S9 illustrates how the corrugation profiles
of a graphene sheet change with pressure under the in-
fluence of two BN layers.
Electronic coupling parameters and elastic properties of
G/BN
In our treatment of the moire´ bands in G/BN, we
consider modifications in the low-energy regime of
graphene electronic structure which are introduced by
the interlayer tunneling. The modification is captured
by two interlayer coupling terms V and V˜ whose val-
ues can be obtained from first-principle calculations. V
and V˜ can be calculated from the following expressions
[43]:
V =
1
2
[
t2NC
|εN | −
t2BC
|εB|
]
≈ 0.04 meV, V˜ =
√
3
2
[
t2NC
|εN | +
t2BC
|εB|
]
≈ 10 meV, (S8)
where tNC (tBC) stands for the interlayer hopping term
between C–N (C–B) atoms which highly depends on
the interlayer separation, and εN (εB) are the on-site
energies of N (B) atoms. Both parameters are calcu-
lated from the parametrizations of the interlayer terms
in Ref. [44], at a separation of zr = 3.35A˚. To fully ac-
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count for the modification in the electronic couplings,
ab-initio method in Ref. [45] introduces three expo-
nential factors {βAA,βAB,βBB}, each quantifies the rate
of increase of each sublattice term (βi > 0). The values
of βi’s are determined by the amount overlap between
carbon orbitals with the orbitals of the underlying BN
atoms, for which it ranges between 3.0–3.3 A˚−1 [45].
As sample deformation is expected to play an impor-
tant role in determining the band features, we model
the structural relaxation within Born-von Karman plate
theory in which the elastic properties of graphene
are fully characterized by two Lame´ constants: λg =
3.25 eV A˚−2 and µg = 9.57 eV A˚
−2 [45]. One mecha-
nism through which deformation leaves an imprint on
the bands is the intralayer effects which are induced by
the change of the carbon on-site energy and nearest-
neighbor hoppings as each carbon atom is displaced
with respect to its neighbors. They give rise to addi-
tional terms in the moire´ couplings which are equiva-
lent to the electrostatic potentials and the pseudomag-
netic fields, quantified by γV ≈ 4.0 eV and γB ≈ 4.5 eV
respectively [46].
S5. Theoretical Model
Graphene and BN are two-dimensional materials
with hexagonal crystal structures, but with different
lattice constants. When graphene is deposited on a
BN substrate with near perfect alignment (small twist
angles), the slight lattice mismatch (ε = aG−aBNaBN =−1.7%), leads to the formation of a moire´ structure
which is characterized by a wavelength that is one or
two orders of magnitude larger than graphene’s unit
cell. As a consequence, the dynamics of the low en-
ergy Dirac electrons of graphene is governed by the
corresponding long-wavelength component of the elec-
tronic couplings. Similarly, the interlayer potentials
and deformations in G/BN are also largely character-
ized by this long-wavelength theory. It is by now es-
tablished that the dominant contributions are captured
by the first harmonics of the moire´ structure charac-
terized by a set of vectors ~Gm, that is related with the
original graphene’s lattice vectors~gm:
~gm = Rˆ2pi(m−1)/6
(
0,g
)
, ~Gm =
[
(1+ ε)− Rˆθ
]
~gm ≈ ε~gm−θ zˆ×~gm, (S9)
where m ∈ {1,2, ...,6}, Rˆθ denotes a rotation by θ ,
g = 4pi/3a is the length of graphene lattice vectors
with a ≈ 1.42A˚ stands for the carbon-carbon distance,
and the approximate sign indicates the approxima-
tion within small twist angle limit (θ  1). We also
show in Fig. S10, that ~Gm defines the moire´ Bril-
louin Zone (mBZ), whose lateral dimension is scaled
by ε˜ =
√
ε2+θ 2 with respect to graphene BZ that
amounts to values . 5% for twist angles θ . 2◦. In
G/BN system which possesses triangular symmetry, we
can define two periodic functions within the first har-
monics: (1) f1(~r) = ∑m exp(i~Gm ·~r) which satisfies
inversion and hexagonal symmetries, and (2) f2(~r) =
−i∑m(−1)m exp(i~Gm ·~r) which is asymmetric under
inversion.
Definition of symmetric and antisymmetric deformations
Deformation of the sample results from the mini-
mization of the energy functional, leading to the fol-
lowing equation of motion for the in-plane compo-
nents:
ε+θ(zˆ×1)
ε˜2Ag
~∇[U1 f1(~r)+U2 f2(~r)]≈ 2µg
[
~∇2~u− 1
2
(zˆ×~∇)(∂xuy−∂yux)
]
+λg~∇(~∇ ·~u), (S10)
Similar to the electronic couplings, the interlayer po-
tential consists of symmmetric and asymmetric com-
ponents which are quantified by U1 and U2. We treat
the deformation within the first harmonics, which dom-
inates the relaxation profile for small atomic displace-
ments (|~u|  a) which accounts for the approximate
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(a) (b) 
Figure S10 (a) Illustration of the moire´ Brillouin zone (mBZ) in relation to the reciprocal space of G/BN with
slight misalignment θ . The presence of BN substrate introduces a characteristic long-wavelength potential which
is one to two-order of magnitude larger than carbon-carbon distance, as defined by ~Gm. The Dirac cone is located
on the black dot, at which BN sublattice asymmetry leads to a primary gap ∆p. The moire´ potentials lead to
gapped secondary Dirac cones ∆s at the mBZ edges, marked by blue dots. (b) Deformation on graphene is
characterized by the potential profiles on the special stacking points: AA (black), AB (blue) and BA (red). When
pressure P is applied on the system, the carbon atoms increase their potential energies until a new equilibrium
strain profile is reached. On the right panel we show for AB and BA stacking how the pressure can influence the
in-plane and out-of-plane deformations, respectively proportional to variations in the potential (δU) and spacing
(δ z).
sign in S10. Since the interlayer potential is completely
defined by the first harmonics (Eq. S10, LHS), the so-
lution for the displacement vector ~u(~r) = ux xˆ+ uy yˆ+
h(~r) zˆ is also constrained by moire´ periodicity, contain-
ing only the first harmonics components. The displace-
ment and the corresponding in-plane expansion of car-
bon site at~r is thus given by:
~u(~r) =
ks|ε3|
G2ε˜2
[
~∇+
χRθ
ε
(zˆ×~∇)
]
[U1 f1(~r)+U2 f2(~r)]+
[
z1 f1(~r)+ z2 f2(~r)
]
zˆ, (S11)
a/a0 ≈ 1+ 12Tr[ui j(~r)] = 1+
1
2
[
∂ux
∂x
+
∂uy
∂y
]
= 1− ks|ε
3|
2ε˜2
[U1 f1(~r)+U2 f2(~r)], (S12)
where U1 (U2) parametrize the inversion-symmetric
(asymmetric) components of in-plane deformation, and
z1 (z2) quantifies similar components for the defor-
mation in the out-of-plane direction, i.e. corrugation.
Meanwhile, the coefficient ks which relates ~u(~r) with
the potentials, and the factor χR which sets the magni-
tude of the curl-like terms are as follows
ks =
2
3
√
3ε2a2(λg+2µg)
= 0.029 meV−1, χR =
[
2+
λg
µg
]
≈ 2.34, (S13)
It can be seen in the the subsequent analysis that ks serves as the coefficient which encodes the contribu-
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Figure S11 Plots of the symmetric (top) and asymmetric (bottom) components of the displacement vector,
expansion and corrugation of graphene (defined in Eq. S11 and S12). To obtain the figures on the top row, we
assume U1 = 3 meV, z1 = 0.01A˚. In our convention, positive U1 places AA at the potential maximum with respect
to AB and BA, leading to a shrinking AA region. Positive z1 also places AA at the maximum interlayer spacing
from the underlying substrate. On the other hand, the bottom row corresponds to U2 = 3 meV, z2 = 0.01A˚.
Non-zero asymmetric terms account for the inequivalence between AB and BA sites. Positive U2 makes BA an
energetically favored configuration, while positive z2 brings carbon atoms on AB to lie above those on BA. A
typical deformation in graphene would be a superposition of both profiles with comparable strengths.
tion of in-plane deformation which is parametrized by
U1 and U2, on the resulting gaps. We also assume the
following definition for the symmetric and asymmetric
components of the deformation:
U0U1
U2
= M̂
UAAUAB
UBA
= 1
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6(UAA+UAB+UBA)2UAA−UAB−UBA√
3(UAB−UBA)
 , (S14)
in which we take AA stacking point as the origin of
our coordinate system, and the matrix elements of M̂
are obtained in a way consistent with our definitions
of f1(~r) and f2(~r), and in accordance with the conven-
tion in the literature [45, 47]. The symmetric and an-
tisymmetric profiles are plotted in Fig. S11. We also
use similar definition of symmetric and antisymmetric
components for the corrugation and moire´ electronic
couplings. Within this choice of coordinates, we can
expect from symmetry consideration alone that a siz-
able primary gap only opens up when there is a rela-
tively large symmetric component in the deformation
(the asymmetric terms vanish after doing the mBZ av-
erage). In general, since in our choice of coordinate
system the inversion-asymmetric electronic couplings
dominate (V˜ V ), this implies that the dominant con-
tribution to the global mass term results from sym-
metric deformations. Since the secondary Dirac cone
gap is not a simple average over the mBZ, we expect
both the symmetric and asymmetric contributions to be
equally important.
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Moire´ couplings and gaps in G/BN
The dynamics of low-energy electrons in G/BN can
be understood as a relativistic Dirac particle subject to
three types of perturbations: (1) H0(~r), describing the
periodic electrostatic potential, (2) Hz(~r), acting as a
local mass term which arises from the sublattice asym-
metry, and (3) Hxy(~r), quantifying the gauge field due
to asymmetry in hoppings induced by the interaction
with the BN substrate. For graphene electrons on val-
ley K, the equation of motion can be expressed as fol-
lows
HK(~r) = υ~p ·~σ +H0(~r)1+Hz(~r)σ3+
[
ε(zˆ×1)−θ
ε˜G
]
~∇Hxy(~r) ·~σ , (S15)
It is important to note that only the Hxy contribution
is scaled by factors which depend on the twist angle.
The term in Eq. S15 which is proportional to θ can be
gauged away so that the influence of Hxy on the elec-
tronic structures is scaled by χθ = ε/ε˜ . The three pseu-
dospin components can be written in a compact manner
using the following matrix notation:
(
H0(~r) Hxy(~r) Hz(~r)
)
=
(
1 f1(~r) f2(~r)
)
Ŵ, (S16)
where Ŵ stands for the electronic coupling matrix.
Typically each pseudospin term for zero pressure has
oscillating amplitudes on the order of ∼50 meV.
Around AA, DFT parametrizations of the interlayer
couplings lead to a dominating inversion-asymmetric
electronic coupling (V˜  V ). In addition, the ex-
ponential coefficients for all psuedospin terms also
agree within 10%. Therefore, in this work we develop
an analytical model containing only the inversion-
asymmetric term V˜ , which is scaled according to a sin-
gle exponential coefficient β when pressure is applied
on the system. Treating the problem at θ = 0◦, Ŵ is
given by the following expression:
Ŵ =
[
1+ ks
0 6U1 6U20 U1 −U2
0 −U2 −U1
]ĈŴ0+
 0 0 0−ΓVU1 −ΓBU2 0
−ΓVU2 ΓBU1 0
 , (S17)
which is related to the corrugation matrix Ĉ and the coupling matrix in a rigid sample Ŵ0:
Ĉ = M̂−1
e−3β z1 0 00 e−2√3β z2 0
0 0 e2
√
3β z2
M̂, Ŵ0 = e−β (z0−zr)
0 0 00 2 −√3
1 0 0
 V˜
2
, (S18)
The coupling terms appearing in Ŵ0 are based on the special ratio between psuedospin components [43],
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while the prefactors for z1 and z2 are estimated from
the full numerical treatment of the Fourier components
within the first harmonics. In Eq. S17, the first change
in the electronic couplings as captured by the first term,
is induced by shifts in the positions of the carbon atoms
with respect to the underlying BN substrates. In-plane
deformation of graphene brings additional contribu-
tions to the electrostatic potentials (ΓV ) and pseudo-
magnetic fields (ΓB), both independent on the inter-
layer spacings.
The primary gap arises primarily from the mass term
∆p ∼ 2|ωz|, while the the secondary gap that appears
on the valence band on valley K’ at the edges of the
mBZ (see Fig. S10): ~K′= 13 (~G2+~G3) =
1
3 (
~G4+~G5) =
1
3 (
~G1+~G6) results from an interplay between the pseu-
dospin terms H0, Hz and Hxy [47]. These gaps have the
following analytical form in a fully relaxed sample:
∆p= 2
√
3V˜ e−β (z0−zr)
[
cosh(2
√
3β z2)− e−3β z1 + ks
(
2U1e−3β z1 +U1 cosh(2
√
3β z2)+
√
3U2 sinh(2
√
3β z2)
)]
,(S19)
∆s=
√
3V˜
6
e−β (z0−zr)
[
7e−3β z1 +2cosh(2
√
3β z2)+12sinh(2
√
3β z2)
]−ΓG(√3U1−U2)+δs, (S20)
where δs is a small additional contribution to the sec-
ondary gap which results from the interplay between
corrugation and in-plane deformation (assumed here
to be zero). We define ΓG = (
√
3/2)(ΓV + 2ΓB),
for ΓV,B = |ε3|ksγV,B/ε˜2. The first principle calcula-
tions at θ = 0◦ discussed above, gives a sizable ΓG ≈
5.6 meV−1. This is important, because for generic
band parameters, in the case of ΓG→ 0 the bands that
form the sDC are possibly mixed with the surrounding
moire´ minibands such that no gap could be observed
experimentally. Since graphene sites have an affinity
towards the BA configuration, where one carbon atom
sits on top of the boron atom, both U1 and U2 are ex-
pected to acquire positive values∼3 meV, such that the
BA domain is enlarged compared to the rigid case.
The exponential prefactor e−β (z0−zr) in the primary
gap gives the increase in gap arising from the increased
coupling between the graphene and BN when the two
layers are closer together under pressure. This multi-
plies two terms, the first depends only on the corruga-
tions and to leading order is given by the symmetric
component of the out-of-plane deformations ∼ 3β z1.
The second term proportional to ks depends on both
in-plane and out-of-plane deformations, but for realis-
tic parameters depends only on the symmetric defor-
mation ∼ 3ksU1. This shows that to leading order, the
primary gap is determined mostly by the symmetric in-
plane and out-of-plane deformations and vanishes in
the case of rigid graphene.
The secondary gap is finite even for the rigid case
without any deformations ∆s = (
√
27/2)V˜ e−β (z0−zr)
that grows with increasing pressure. The experimental
observation that the primary gap is larger than the sec-
ondary gap even at zero pressure implies that the sec-
ond (negative) term in Eq. S20 proportional to ΓG must
be of comparable magnitude. In contrast to the primary
gap, the secondary gap is controlled by both the sym-
metric and antisymmetric components of the deforma-
tion i.e. ∼ (U2−
√
3U1) for in-plane deformations, and
∼ ((8√3/7)z2 − z1) for corrugations. In both cases,
for the secondary gap to remain constant under pres-
sure, the difference between the asymmetric deforma-
tions and symmetric deformations must increase with
pressure.
We note that these experimental observations con-
sistent with DFT expectations. The EXX-RPA calcula-
tions discussed above show that with increasing pres-
sure, (i) The difference between the asymmetric and
symmetric components of in-plane deformations in-
creases, while (ii) The asymmetric part of out-of-plane
corrugation decreases. This suggests that the dominant
contribution to the flatness of the secondary gap comes
from corrugations. Physically, the AA points (carbon-
carbon on BN) start further away form the underlying
BN substrate. With increased pressure, they compress
more than either the AB (carbon on nitrogen) or BA
(carbon on boron). While all potentials increase with
pressure, the BA increases the least making this region
expand. This naturally explains the growing primary
gap. Similarly, under pressure the G/BN spacing de-
crease at all stacking points (so that the graphene be-
comes flatter). But the AA points which were further
away to begin with decrease faster than either the BA or
AB points, which is consistent with the ∆s being con-
stant.
24
S6. Reverse Engineering
Fixed corrugation, free in-plane deformation
Since the observed secondary gaps are smaller than
the primary gaps at all pressures, this implies that ΓG
term originating from the in-plane strain-induced pseu-
domagnetic fields and potentials is large. We rely on
DFT (EXX+RPA) calculations to determine the corru-
gation, assuming that the forces exerted by a top BN
layer completely fixes the shapes of graphene corruga-
tions under pressure. Since the corrugation is known at
all pressures, the in-plane deformation parameters U1
and U2 are then uniquely determined by the observed
primary and secondary gaps. Here, the graphene sam-
ple is relatively flat δ z . 0.1A˚ and the insensitivity of
the secondary gap is accounted by an increase in U1
with respect to U2 as shown in the main text and in the
top row of Fig. S12.
Fixed in-plane deformation, free corrugation
To explore the role of corrugation in the experi-
mental observation, we consider the opposite scenario
where the in-plane deformation is assumed to be con-
stant under pressure. We fix U1 = 3 meV and U2 = 2
meV, comparable to ab-initio estimates [45]. The in-
sensitivity of the secondary gap under pressure con-
strains both the symmetric (z1) and asymmetric com-
ponents (z2) of the corrugation, resulting in a signifi-
cant transformation of the corrugation profile as shown
in the middle row Fig. S12. One striking feature is that
the experimental observations can be explained by a
decrease in the asymmetric corrugations i.e. the sep-
aration between AB and BA becomes smaller under
pressure. Since this contradicts DFT expectations we
think this scenario is unlikely.
Self-consistent corrugation and in-plane deformation
Another possible approach to address the gap behav-
iors is to construct interlayer potentials on G/BN spe-
cial stacking points, which simultaneously define in-
plane and out-of-plane deformation in G/BN and cap-
ture the increasing and constant trend in the primary
and secondary gaps respectively. We assume a uni-
form pressure across the sample, and it is expected
that there exists a certain potential profile which can
account for the observed gaps. Inspired by the DFT re-
sults which suggest Lennard-Jones (LJ)-like potential
profiles around the minima, we limit our search for the
self-consistent potentials Us which assume the LJ form
at each stacking point (s ∈ {AA,AB,BA}), which also
leads to an interlayer distance of zs(P) at pressure P:
Us(z) = σs
[
1
z2ns−1
−
(
2ns−1
ns−1
)
1
zns0,s z
ns−1
]
+U0,s, zs(P) =
[
1
2zns0,s
+
√
1
2zns0,s
+
4PAg
(2ns−1)σs
] 1
ns
(S21)
The coefficient σs accounts for the strength of the po-
tentials, and z0,s denotes the equilibrium distance at
zero pressure. The power coefficient ns determines the
behaviors of the profile on the small and large z tails,
while Ag denotes the area of graphene’s unit cell. We
therefore try to obtain the best estimates for the po-
tentials which account for the observed experimental
trend. The LJ-like potentials which lead to remark-
able agreement with the experiment can be found, i.e.
< 10% error for each data point, with the fitting param-
eters are shown in Table I.
As expected, this solution suggests the need for
asymmetric components of the corrugation to decrease
rapidly under pressure. However, this leads to a strik-
ing conclusion: Although BA is initially at a mini-
mum spacing at zero pressure, AB overtakes BA as
the closest point from the underlying BN substrate at
P & 1.5 GPa. This is accompnied by a slight in-
crease in the asymmetric component of the in-plane
deformation. Again, in disagreement with the DFT,
the self-consistent solution is dominated by the rapid
change in the asymmetric component of the corruga-
tions (zAB− zBA). The EXX-RPA ab initio potentials
(which can also be fit with Lennard-Jones-like func-
tions) are shown in the inset for comparison with the
potentials determined self-consistently.
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TABLE I: Lennard-Jones-like parametrization of the interlayer potentials. We approximate 3 potential parameters
for each stacking point s ∈ {AA,AB,BA}, given that ns = 5. The resulting potentials Us(z) are in meV, while zˆ is
in A˚. We also show the potential profiles obtained within EXX+RPA in the inset.
EXX+RPA 
s σs (meV A˚
−5) z0,s (A˚) U0,s (meV)
AA 7.51 3.55 21.07
AB 1.75 3.45 3.19
BA 22.33 3.20 – 25.98
Generic features of the deformation
While the analysis was done in the simplified semi-
analytical model, we have checked that the conclu-
sions remain robust in a full numerical simulation of
the first-Harmonic approximation. The relatively large
primary gap suggests there is a strong presence of ei-
ther in-plane relaxation or corrugation. The fact that
secondary gap is always smaller than the primary gap
requires large in-plane deformation at all pressures.
Since the increase in the moire´ couplings as the layers
get closer would give larger secondary gaps, the exper-
imental observation of a flat secondary gap behavior
implies that one or both of the following must be hap-
pening: (1) There is a significant decrease in the corru-
gation asymmetry z2, which places AB closer to BA in
the out-of-plane deformation when pressure is applied
on G/BN, (2) There is a rapid transformation of the in-
plane deformation profile under pressure such that the
difference between U1 and U2 balances the effects of
stronger electronic couplings.
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(a) Corrugation fixed by DFT, free in-plane deformation 
(b) Fixed in-plane deformation, free corrugation 
(c) Self-consistent corrugation and in-plane deformation 
Figure S12 Graphene deformation represented through corrugation profiles and in-plane strain parameters U1
(green) and U2 (magenta), and the associated primary gap ∆p (black) and secondary gap ∆s (blue) evolving as a
function of pressure where the dots represent experimental data. For the analytical model, we assume the
following values for the parameters: V˜ = 18 meV, ΓG = 10 meV−1, to capture the enhancement due to exchange
[45], β = 3.2A˚−1 and a reduction in the average spacing of 0.07 A˚/GPa when the problem is treated in a non
self-consistent manner. We explore three possible scenarios which would explain the experiment. (a) Graphene
encapsulated between BN when it is aligned with the bottom layer. The top BN layer interacts with unequal
forces with the graphene sheet at different stacking positions leading to some reduction in the corrugation profile
amplitude. The corrugation is obtained from DFT calculations, while the in-plane deformation is calculated
within the analytical (solid) and numerical model (dashed, Ref. [45]) to reproduce the experimental data. The
result is presented in the main text. (b) In-plane deformation in graphene is assumed to be independent on
pressure (U1 = 3 meV, U2 = 2 meV), and the corrugation is calculated to fit the experiment. (c) Assuming a
uniform pressure across the sample, the corrugation and in-plane deformation are determined self-consistently by
pinning their relationship through the interlayer potentials. The solution is obtained by calculating the interlayer
potentials consistent with the observed gaps.
